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NATTONAL AFRONAUTICS AND SPACE ADMINISTRATION

TECHNICAL MEMORANDUM X-870

INTERSTAGE PRESSURES AND FORCES DURING HIGH-
ATTITUDE STAGE SEPARATION WITH OPERATING
UPPER-STAGE ENGINE®

By Glenn A. Mitchell and Robert W. Cubbison

SUMMARY

Pressure and forces that occur during stage separation were meas-
ured for various interstage and target configurations at a Mach number
of 3.5 and pressure altitudes of 145,000 and 103,000 feet in the Lewis
10- by 10-foot supersonic wind tunnel. Air at chamber pressures up to
600 pounds per square inch absolute simulated the upper-stage-rocket
exhaust. The sting-supported booster was translated to separation dis-
tances of 4.1 upper-stage diameters. Ratios of booster to upper-stage
diameter were 1, 1.5, and 2. Dynamic booster releases from the strut-
supported upper stage were also made.

At small separation distances, Jet flow out of the interstage ports
caused body boundary-layer flow separation over the entire upper stage.
Misalinement of the booster under these conditions resulted in reason-
ably small upper-stage moments. Upper-stage-nozzle flow separation
could also occur if the number and the open area of the interstage ports
were inadequate when the booster was near the upper-stage base. Nozzle
separation was symmetrical in all cases. The interstage-port area could
be minimized without encountering nozzle flow separation by employing a
large number of interstage ports rather than a small number. During the
dynamic tests, no discernable moments were imparted to the booster or
the upper stage.

INTRODUCTION

In order to maintain attitude control of the upper stage and to
avoid liquid-propellant sloshing, upper-stage engine operation may be
required before booster burnout and separation. The high-pressure hot
exhaust gases would impose severe loads on the interstage hardware and
the forward end of the lower-stage propellant tanks. Consequently,
careful consideration must be given to the design of the interstage
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ports and the flow deflector (or target) within the interstage with the
emphasis on minimizing the pressures and stage-interference effects.

An understanding of the effect of port geometry and target shape on
upper-stage nozzle flow, as well as on the pressures and forces affect-
ing missile stability that are experienced by the separating stages, is
necessary for a more rational approach to missile staging.

Previous work in the aerodynamics of missile staging (ref. 1) has
been limited to low altitudes and low nozzle-pressure ratio and also to
relatively few interstage configurations. An experimental investigation
of the aerodynamic effects of different interstage configurations on
missile-stage separation with the upper-stage rocket operating was made
in the Lewis 10- by 10-foot supersonic wind tunnel at a free-stream Mach
number of 3.5 and pressure altitudes of 145,000 and 103,000 feet. Both
controlled and dynamic separations of the two stages were investigated.

SYMBOLS
A area
D drag
d upper-stage diameter
l distance upstream of upper-stage base
M ‘ Mach number
P total pressure
P kstatic pressure
r radius
S recess distance (distance from target leading edge to interstage
leading edge) '
x separation distance (distance from upper-stage base to booster or

interstage leading edge)
Subscripts:
a upper-stage afterbody
B booster

b base
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c nozzle chamber

e nozzle exit

n nozzle wall

je) interstage port
t target

0 free stream
Superscript:

* nozzle throat

APPARATUS AND PROCEDURE

The interstage configurations used in this investigation were de-
signed to encompass the range of practical geometries for large vehicles.
Schematic drawings and instrumentation details of the test model are
shown in figure 1, and the various interstage and target configurations
are shown in figure 2. The upper stage was a strut-mounted, 56.28-inch-
long, S5-inch-diameter body with a 100-half-angle conical nose. A flex-
ible rubber seal between the nozzle and the base prevented flow into the
inner cavity of the upper stage. The booster, a 36-inch-long cylinder,
was sting-mounted from a separate support system with provisions for
translating it during the controlled separation tests. Three boosters .

having diameters of 1, 1.5, and 2 upper-stage diameters were investigated.

The various interstage units provided the structural transition from the
upper stage to the booster. The forward surfaces of the 1.5- and 2-
diameter-ratio interstages were 30° half-angle truncated cones. With
all the ported configurations (4, 8, and 12 ports), the target within
the interstage was a blunt cone of 45° half-angle. Other configurations
also shown in figure 2 are the solid (or nonported) and the open inter-
stage. The size and the design of the interstage ports were based on
unpublished experimental data, which indicated that the port trailing
edge should be coincident with, rather than upstream of the target sur-
face, for the most efficient venting of the Jjet flow. To determine the
effect of port-area distribution on the amount of discharge area needed
to ensure unseparated nozzle flow, 4-, 8-, and 1lZ-port interstages were
investigated. Reductions in port area and interstage length were made
by moving the target forward inside the interstage.

The open-interstage configurations were investigated to determine

the interstage performance of vehicles attached by relatively thin
structural members. The interstage fairing or cover structure normally
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used for stream protection is removed in this concept, thereby resulting
in an interstage of minimum length with maximum available vent area.

The cover-structure weight is eliminated, but aerodynamic buffeting may
become a problem.

A photograph of the dynamic test model showing a 1l.5-diameter-ratio
booster attached to the upper stage is shown in figure 3(a). The four
struts used in the dynamic tests of the open-interstage configuration
are shown in figure 3(b). Separation of the boost stage in the dynamic
portion of the test was accomplished by mechanically pulling the pin
from the spring-loaded clamping ring.

Operation of the upper-stage engine was simulated with cold air
pressurized to a maximum of 600 pounds per square inch absolute. A noz-
zle with an area ratio of 25 was employed. The contour of the bell-
shaped nozzle (fig. 4) corresponded to that of an optimum thrust nozzle
(ref. 2). The nozzle extended 0.088 upper-stage diameter beyond the
base and had an exit- to base-diameter ratic of 0.8. An alternate noz-
zle, a truncated isentropic nozzle (ref. 3), was also used for a limited
number of interstage configurations. This nozzle (see fig. 4) was de-
signed to give uniform parallel exit flow at an area ratio of 46.7 and
was cut off at an area ratio of 25. Additional design details are given
in reference 4.

The upper stage was instrumented with static~pressure orifices on
the base, afterbody surface, and (for force data reduction) inside the
body opposite the strut opening. Two rows of static-pressure taps were
installed diametrically opposite each other (top and bottom) on the in-
ternal surface of the nozzle. Forces on the shell excluding the nozzle
were measured by a three-component, electric, strain gage balance. A
similar balance system was used to measure the forces on the interstage
and booster unit. Static-pressure orifices were located across the sur-
face of the target. Upper-stage pitching moments were computed about
the body midpoint, and moment coefficients were based on the body length
and cross-sectional area. The absolute magnitude of the moment coeffi-
cients was limited in accuracy to #0.1; however, the relative accuracy
between data points was *0.0l.

During the dynamic portion of the test, upper-stage forces were re-
corded on oscillograph traces, and each separation was photographed by
a high-speed motion-picture camera.

The investigation was conducted at a Mach number of 3.5 and a pres-
sure altitude of approximately 145,000 feet with chamber pressures of
150, 300, and 600 pounds per square inch absolute. ILimited data were
also obtained at a Mach number of 3.5 at an altitude of 103,000 feet and
in quiescent air at sea level. Controlled stage separation was accom-
plished by translating the sting-mounted booster over a range of




distance up to 4.1 upper-stage diameters with the jet in continuous op-
eration. For the dynamic tests, a chamber pressure of 600 pounds per
square inch absolute was employed.

RESULTS AND DISCUSSION

The data presented fall in two general categories: (1) steady-
state pressure and force measurements obtained by controlled separation
of the booster, and (2) transient data obtained during actual releases
of the simulated booster from the upper stage. Unless otherwise stated,
all data shown were obtained with the bell-shaped nozzle.

Controlled Separation Tests

Effects of upper-stage jet discharge on free-stream flow. - Most of
the data were obtained at a pressure altitude of 145,000 feet. Limited
data were taken at 103,000 feet to determine altitude effects and for
better visuval flow definition. This comparison is shown in the schlie-
ren photographs (fig. 5) and by the upper-stage static-pressure distri-
butions (fig. 6). With the booster close to the upper stage, the Jet
exhausting through the interstage ports induced severe boundary-layer
separation on the upper stage. At the lower altitude, flow-angle meas-
urements (fig. 5(a)) and afterbody static-pressure distributions (fig.
6(a)) indicated this separation extended about 4 upper-stage diameters
forward of the base. As the booster was translated downstream, the
point of flow separation moved off the body at some staging distance
x/d between 0.2 and 0.8 (see second and third photographs of fig. 5(a)
or static pressures of fig. 6(a)). As would be expected, the extent of
this flow separation was reduced as nozzle chamber pressure was de-
creased. At a chamber pressure of 150 pounds per square inch absolute
and x/d = 0.2, the leading edge of this region was downstream of the
last static-pressure orifice (fig. 6(a)). The asymmetry apparent in
the photographed separation cone of figure 5(a) was caused by the
mounting-strut wake.

The region of boundary-layer separation on the upper stage was much
more extensive at 145,000 feet than at the lower altitude. The flow
separation was clearly defined within the area of the schlieren window
at 103,000 feet {fig. 5(a)), while at the higher altitude this region
extended beyond the area encompassed by the photographs (fig. 5(b)).
Because of the low density, the separated region within the photographed
area cannot be clearly seen. For close staging distances (photographs
1, 3, and 5 of fig. 5(b)) the flow separation engulfed the entire upper
stage. The upper-stage afterbody static pressures at x/d = 0.2 (fig.
6(b)) increased with higher chamber pressures, which indicated that the
shock cone angle enclosing the region of separated flow was steepening.
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This can occur only if the separated region has moved forward to the tip
of the body. Photographs 1 and 2 or 3 and 4 of figure 5(b) illustrate
the rearward movement of the points of incipient separation with in-
creased stage separation distance. At x/d = 0.8, the afterbody pres-
sures indicated flow separation only at the maximum chamber pressure of
600 pounds per square inch absolute.

As a result of the upper stage being enclosed in a region of sepa-
rated flow, large destabilizing mowments were not encountered with the
booster misalined behind the upper stage. Misalinement was accomplished
by positioning the booster leading edge below the 0° angle-of-attack
upper stage with the booster at 5° angle of attack. Under these condi-
tions a misalinement of 0.4 upper-stage diameter at the minimum separa-
tion distance produced destabilizing moment coefficients on the upper
stage of about 0.4. With both stages alined and at 5° angle of attack,
a stabilizing moment coefficient of about 0.2 was obtained. Although
there was considerable scatter in the measured moments, there did not
appear to be any consistent variation with chamber pressure. When it
was assumed that the upper stage of a vehicle, such as the Thor-Agena B,
separated at the same Mach number and altitude as the test model and
experienced a destabilizing moment coefficient of 0.4 upon separation,

a rough calculation indicated that a motor gimbal angle of only 2° would
counteract the induced moment.

Upper-stage base pressures. - The effect of interstage-port area on
upper-stage base pressures is shown in figure 7(a). Data are presented
for the 4-port interstage on a 1l.5-diameter-ratio booster at the small-
est stage separation distance tested (i.e., x/ds=0.025). Decreasing the
port area from approximately five to two nozzle-exit areas produced a
large increase in base pressure. With the port area held constant (a
fixed-length interstage), increasing the number of ports from 4 to 12
(fig. 7(b)) reduced the base pressure. The slope of the curves indicate
that still lower base pressure could be obtained by using more than 12
ports. Thus, an interstage of many ports separated by small webs or
struts is better able to relieve the jet flow than one having the same
port area distributed into a few ports with large webs, which the jet
flow must negotiate. The trend of lower base pressure with more ports
would not be expected to continue indefinitely because the port flow
coefficient decreases as the port size decreases. The base pressure
also varied considerably with the chamber pressure ratio; the largest
increases occurred at the smallest port ares.

The effect of port geometry on the base pressure diminished rapidly
with increasing stage separation distance. This relation is illustrated
in figure 8 with the 4-port interstage configurations in which the port-
area ratio Ap/Ae = 2.02 and 5.01. These two configurations produced
the maximum and minimum values of base pressure obtained with the ported
type of interstage. The ratio of base pressure to free-stream static
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pressure is presented as a function of separation distance for upper-
stage rocket chamber pressures of 600 pounds per square inch absolute.
The variation of base pressure with staging distance for the ported
configurations was almost identical beyond x/d = 0.8. At x/d greater
than 1.6, the base pressure was constant for all configurations except
the flat target. The trends and levels obtained with the flat and
blunt-cone target were expected to represent the extreme cases in terms
of configuration effects on the base pressure. Measurements on all
ported interstages showed base pressures that were between these ex-
tremes.

The effect of booster diameter on upper-stage base pressures is
presented in figure 9 as a function of the stage separation distance.
With jet-off staging (fig. 9(a)), base pressures, as expected, varied
with booster diameter; the 2-diameter-ratio booster produced base pres-
sure ratios approximately 0.7 above those obtained with the l-diameter-
ratio booster. With jet-on staging (fig. 9(b)), base-pressure levels
are primarily affected for staging distances as large as 1.6 upper-
stage diameters. The exact contribution of the booster diameter, how-
ever, cannot be determined from the figure because the interstage-port
area, which greatly affects the base pressure, is different for each
booster diameter.

Nozzle flow patterns. - Both nozzles used in this investigation had
identical area ratios and wall angles at the nozzle exit (fig. 4) and
were designed by techniques intended to provide isentropic flow. The
bell nozzle, however, was about 15 percent shorter than the truncated
isentropic nozzle and had a maximum wall expansion angle of 29.30 as
compared with an angle of 23.1° for the longer nozzle. In two-
dimensional wind tunnel nozzle design, the attainment of isentropic
flow is limited by a maximum nozzle-wall angle of 1/2 Vg, where vp 1is
the Prandtl-Meyer angle for the nozzle-exit Mach number (ref. 5). Over-
turning of the flow occurs if this angle is exceeded. Three-
dimensionally, this maximum angle is not readily amenable to calculation
and furthermore depends on the particular flow assumptions made. For
example, when radial flow downstream of the nozzle throat (ref. 6) was
assumed, the maximum angle (1/4 vg) was calculated to be 20.9° for the

nozzles of this report. The schlieren photographs of the truncated
isentropic nozzle with an expansion angle of 23.1° (fig. 10(a)), how-
ever, show essentially isentropic flow emanating from the nozzle. In
the case of the bell nozzle, the maximum angle appears to have been ex-
ceeded because of the shock structure shown in the schlieren photograph
of figure lO(b). The short isentropic nozzle of reference 7, with the
identical contour of the bell nozzle of this report, produced similar
shock patterns.

As illustrated in figure 10(c), the flow pattern of the bell nozzle
was changed considerably when the booster was relatively close to the




upper stage. This pattern (observed with all booster configurations)
was caused by target surface pressures of gufficient magnitude to feed
forward into the low-energy Jjet core. Since this change in flow pat-
terns was reflected in the booster pressures and forces, it appears

that the nozzle type (or contour) can considerably affect the interstage
flow characteristics during the gtaging sequence.

Effects of Configuration on Nozzle Flow

Separation of the upper-stage nozzle flow occurred for some of the
interstage configurations with the booster close to the upper stage.
Examples of the separation characteristics with the stages alined and
at 0° angle of attack are shown in figure 11. Data are also shown for
the booster being misalined 0.4 upper-stage diameter and at a 5° angle
of attack relative to the upper stage. In all cases the nozzle flow sep-
aration was symmetrical. Also pressure oscillations measured near the
nozzle-exit were less than 0.1 percent of the chamber pressure. Re-
ducing the separation distance (in this case, the distance between the
nozzle exit plane and the target leading edge) from x/d = 0.39 to 0.19
changed the nozzle flow from full flowing to separated flow at an area
ratio of 8.

The effect of interstage-port area on the stage separation distance
at which nozzle flow separation occurred is presented in figure 12(a).
Data are shown for the 1.5-diameter-ratio booster with 4 ports, with no
ports, and for the open-interstage, flat- and blunt-cone-target config-
urations. With a port-area ratio of 3.8 or greater, nozzle separation
did not occur. As port area was reduced from 3.9 nozzle-exit areas, the
nozzle remained separated out to progressively greater stage separation
distances. With the port area reduced to 2 exit areas, the nozzle re-
mained separated until the booster was translated downstream 0.17 upper-
stage diameter; and with the nonported interstage, the nozzle remained
separated until a distance of 0.42 upper-stage diameter was reached.

The importance of target shape on nozzle separation is illustrated
by the curves for the open-interstage, flat- and blunt-cone-target con-
figurations (fig. 12(a)). The flow areas for the two targets were as-
sumed to be the annular areas from the nozzle-exit periphery perpendic-
ular to the target. The flat target caused the nozzle to remain sepa-
rated out to x/d = 0.35 while presenting a peripheral flow area to the
nozzle of 1.32 nozzle-exit areas. With the leading edge of the blunt-
cone target at the nozzle-exit plane, the nozzle flow did not separate
although the flow area available was only 0.81 of the nozzle-exit area.
This area, although much less than that of the various ported configu-
rations, is much more efficient because the jet flow is not forced to
negotiate large web structures in exiting from the interstage region.
Thus, using only structural members of minimum cross-sectional area to
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connect the upper stage to the blunt-cone-target booster allows mini-
mizing the interstage length. Such an interstage was investigated dur-
ing the dynamic portion of the test without any indication of nozzle
flow separation although the flow area was slightly smaller than that

of the controlled separation model due to the connecting structural mem-
bers or struts.

A change in the distribution of the interstage-port area by in-
creasing the number of ports also permitted the port area (and inter-
stage length) to be reduced without inducing nozzle separation. For
example, a 4-port configuration required a port area of 3.9 nozzle-exit
areas to operate without nozzle separation at the minimum staging dis-
tance (fig. 12(b)), whereas with an 8-port configuration an area of only
2.02 nozzle-exit areas in a shorter interstage achieved the same re-
sults. The slope of the curves indicate that by adding more ports still
smaller port areas could be used. Additional data presented in fig-
ure 12(b), obtained with the alternate (truncated isentropic) upper-
stage nozzle, show that nozzle contour has a large effect on the amount
of interstage-port area needed. As the data indicate, the alternate
nozzle required more total port area for unseparated flow than the orig-
inal nozzle did. ’

Interstage target pressures. - The pressure profiles obtained at
various separation distances on a blunt-cone target within a 4-port in-
terstage are presented in figure 13 for chamber pressures of 600, 300,
and 150 pounds per square inch absolute. The shape of these profiles
is typical of those obtained with all ported configurations. Because
of the stagnating effect of the webs near the target periphery, the cor-
responding pressures were higher than those in the port plane. At sep-
aration distances less than x/d = 0.8, this peripheral pressure at the
web was the highest pressure on the target, but at moderate distances
(e.g., x/d = 1.6) the peak pressure occurred at the target center. This
change in pressure distribution was associated with the change in flow
described earlier. In general, the pressure ratio pt/Pc was 1ndepend-
ent of chamber pressure.

Pressure profiles across the gsurface of the blunt-cone target with
the open interstage are presented in figure 14. The asymmetry of the
profiles was due to a slight misalinement of the booster. Target pro-
files (fig. 14(a)) were changed considerably when the alternate (trun-
cated isentropic) nozzle was used in the upper stage (fig. l4(b)). This
change did not significantly affect the level of booster drag or the
peak target pressure obtained. The corresponding local heating rates on
a target, however, may be affected by the change in pressure profiles.

Although the general shape of pressure profiles on the target was
independent of port geometry, the pressure levels were not. This is
shown in figure 15 where peak target pressures of profiles similar to
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those of figure 13 are presented for variations of port-area ratio and
distribution as a function of separation distance. The step change in
the curves presented were again an effect of the previously mentioned
nozzle-flow-pattern change. It was noted during the test that the noz-
zle flow pattern could change at any point over a short range of sepa-
ration distances for any particular configuration. The location of the
step changes shown were obtained by retracting the booster from the
upper stage at a uniform speed. The highest level of target pressure
occurred not at the minimum separation distance but immediately after
the nozzle-flow-pattern change. These peaks (fig. lS(a)), an effect of
nozzle contour and interstage geometry, were higher for the larger port
areas (longer interstages). For port areas of approximately 4 to S
nozzle-exit areas, maximum target pressures were about 18 percent of
Jet total pressure, while for port areas of about 2 to 3 exit areas,
the pressures were approximately 6 percent. At the minimum separation
distance, the largest port area tested (i.e., A.p/Ae = 5.01), produced
the lowest peak pressure, pt/Pc = 0.039. Decreasing the port area to

3.9 nozzle-exit areas increased the peak pressure at the minimum sepa-
ration distance to 5.9 percent of chamber total pressure. Further de-
creases in port area had little effect at minimum separation distance.

Increasing the number of interstage ports (4, 8, to 12) while main-
taining a constant port area (fig. 15(b)) decreased the peak target
pressures both before and after the nozzle-flow-pattern change. At the
minimum stage separation distance, this pressure was reduccd from 5.6
to 3.8 percent of chamber total pressure as a result of the smaller
flow stagnation regions produced by the narrower webs. ZElimination of
the web area, illustrated in figure 15(b) by the open~interstage con-
figuration, reduced peak pressures before the shock change, whereas
after the change they were about the same as those obtained for the 12-
port configurations.

Booster drag. - Booster drag parameters for all configurations
tested are presented in figure 16 as a function of stage separation dis-
tance. The step changes in the curves shown are a result of changes in
target-pressure profiles produced by the two different nozzle flow pat-
terns illustrated in figure 10. Where the data are presented as bands
in figure 16, no consistent trend with configuration or chamber pressure
was observed, and the step changes shown in these cases represent the
limits between which the nozzle-flow-pattern changes occurred. The
booster drags obtained for all ported interstage configurations tested
with the 1.5-diameter-ratio booster (fig. 16(a)) were contained within
a range starting at a drag parameter of 1.65 to 1.9 at x/d = 0 and de-
creasing to a range of 0.32 to 0.44 at a separation distance of 3.2
upper-stage diameters. The one exception, the 4-port interstage with a
port area of 5.0l nozzle-exit areas, produced drag parameters initially
about 0.5 lower than the other ported interstage configurations. After
the nozzle-flow-pattern change, the drag for this configuration was
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consistent with that produced by the other configurations. The booster
drags obtained for ported interstage configurations with the alternate
nozzle in the upper stage (data not presented) were esgentially the
same as the values obtained with the bell-shaped nozzle. The only dif-
ference was the absence of the step changes shown in figure 16.

The open-interstage, blunt-cone-target configurations had consist-
ently lower drags than any other configuration except at a separation
distance of 0.09 upper-stage diameter in the case of the Z-diameter-
ratio booster (fig. 16(c)). In this instance, larger drag was obtained
as a result of reducing the area available to the exiting jet flow to
about one-half the nozzle-exit area.

The general level of the drag obtained with flat-target configura-
tions increased with increasing booster diameter. For the 1.5- and 2-
diameter-ratic boosters, the flat targets produced consistently higher
drags than any other configuration. The minimum separation distance
tested with the flat-target configuration was limited to that shown in
figure 16 by nozzle separation.

One of the primary factors affecting the booster drag and also the
upper-stage-base pressure was the shape of the target upon which the
jet impinged. As shown in figure 17, the target shape determined the
angle at which the jet flow was discharged from the interstage area.
With the blunt-cone target (fig. 17(a)), the jet-flow discharge angle
was somewhat greater than the cone angle of the target, which resulted
in the smallest booster drag and upper-stage-base pressure measurements
obtained (figs. 16 and 8). The addition to this target of an inter-
stage with attendant interferences caused increases in both the booster
drag and base pressure. The largest forces were obtained with the flat
target because, as illustrated in figure 17(b), the jet flow was turned
more than 900 and discharged from the interstage region in an upstream
direction.

A variation in altitude from 145,000 to 103,000 feet (fig. 18) had
little effect on the level of booster drag; the average difference in
drag parameter was about 0.04 although the rocket pressure ratio varied
from 860 to 4670 percent of design pressure ratio. Booster drag ob-
tained in quiescent air at sea level was greatly different from the
force obtained at the higher altitude; it was less than one-half the
value at close stage separation distances. The nozzle pressure ratio
at sea level was only 7.7 percent of design pressure ratio. Thus eval-
uwations of interstage forces and pressures made from sea-level,
quiescent-air data (with the nozzle overexpanded) would not be appli-
cable at the altitude of actual staging.

11
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Dynamic Tests

During the dynamic test phase, successful stage separation was
achieved with all configurations. No destabilizing forces on the booster
were discernable on any of the releases, and none were recorded on the
upper stage. Selected frames from the high-speed film of one of the re-
leases are shown in figure 19. The shock patterns observed from these
photographs are the same as those obtained during the controlled separa-
tion tests. It was apparent from the films that all the released boost-
ers moved downstream without pitch or vertical displacement. Cameras
mounted in the vertical plane also showed no measurable yaw or lateral
displacement. From timing marks on the photographic film and the grid
lines on each photograph, it was possible to determine the separation
rates of the booster.

Rates of separation were measured for two configurations: (l) a
12-port interstage and (2) a blunt-cone target with the minimum struc-
tural members (or struts) necessary to attach it to the upper stage. A
photograph of the latter configuration, which except for the added struts
was the same as the open-interstage, blunt-cone-target configuration of
the controlled separation tests, is shown in figure 3(b). Rates of sep-
aration were also calculated from booster drag curves of the controlled
separation tests and are compared with the measured rates in figure 20.
Since good agreement was obtained from the calculated and measured sep-
aration rates, controlled separation tests can be used to determine the
staging characteristics of wvehicles.

SUMMARY OF RESULTS

Pressures and forces encountered during stage separation were in-
vestigated for various booster configurations over a range of separation
distance. Tests were conducted at a Mach number of 3.5 and pressure al-
titudes of 145,000 and 103,000 feet. Cold air at chamber pressures up
to 600 pounds per square inch absolute was used to simulate the upper-
stage rocket exhaust. The following results were obtained:

1. With the upper-stage engine operating prior to staging, separated
flow engulfed the entire upper stage at an altitude of 145,000 feet. At
the lower altitude, the region of separated flow was less extensive.

2. As a result of this separated flow, no large moments were induced
on the upper stage. With the upper stage at 00 angle of attack and the
booster displaced 0.4 upper-stage diameters and separating at 5° angle of
attack, the largest measured destabilizing moment was O.4.

3. Large reductions of upper-stage base pressure were cbtained by
enlarging the interstage-port area. Also significant reductions were




obtained when the number of ports was increased from 4 to 12 while total
port area remained constant.

4. Separation of flow inside the upper-stage nozzle could be in-
duced by insufficient interstage-port area. In all instances, the noz-
zle separation was symmetrical.

5. With the requirement that the upper-stage engine operate without
nozzle flow separation, increasing the number of interstage ports per-
mitted the port area to be reduced with a concomitant decrease in inter-
stage length. Complete removal of all interstage material except for
thin connecting structural members resulted in an interstage of minimum
length, in that operation was feasible with the target leading edge at
the exit plane of the upper-stage nozzle.

6. Variations of port area and distribution did not significantly
change the force experienced by the booster during jet-on staging.

7. The highest pressure on the target within an interstage were ob-
tained for the larger port area interstages. Maximum target pressure
did not occur at the minimum separation distance, but were associated
with a change in the nozzle flow pattern.

8. No discernable moments were imparted to any of the boosters re-
leased during the dynamic tests. Good agreement was obtained between
measured rates of separation and those calculated from force measurements
of the controlled separation tests.

9. The nozzle type (or contour) used on the upper-stage engine had
considerable effect on both the interstage flow and the nozzle flow-
separation characteristics.,

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, July 18, 1962
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Nozzle-chamber total pressure, lb/sq in. abs:
Separation distance, x/d:

300
0.025

600
0.025

150
0.025

600
0.2
& B
- TR
"? AR '
b e

(a) Altitude, 103,000 feet.

C-61003

Figure 5. - Schlieren photographs of 1l.5-diameter-ratio booster.
Interstage-port-area ratio, 3.9.




Nozzle-chamber total pressure, lb/sq in. abs: 600 600
Separation distance, x/d: 0.2 0.8

C-61004

(v) Altitude, 145,000 feet.

Figure 5. - Concluded. Schlieren photographs of 1l.5-diameter-ratio
booster. Interstage-port-area ratio, 3.9.
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Base pressure ratio, pb/pO
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Interstage-port-area ratio,
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(a) Variation of port area.
Number of interstage

ports, 4.
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8 12

Number of inter-

stage ports

(b) Variation of num-

ber of interstage
ports. Interstage-
port-area ratio,
2.02.

Figure 7. - Effect of interstage port configurations

on upper-stage base pressure.

1.

5-Diameter-ratio

booster; separation distance, x/d = 0.025.




Base pressure ratio, pb/po

e

T T T T T
o Interstage- Interstage Target
port-area configuration
100 ; j
80 ratio, .
Ay/Ag j
60 |
a 5.01 4 port Blunt cone
40 O 2.02 4 port Blunt cone
O —_— Open Flat
A ———— Open Blunt cone |
20
10t
J&
5
IR
“é\&
\
{ 'B\)\
ZM ‘\50\\\
1

2 3
Separation distance, x/d

S
(@]

Figure 8. - Variation of upper-stage base pressure with separa-
tion distance. 1.5-Diameter-ratio booster; chamber pressure,
600 pounds per square inch absolute.
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Base pressure ratio, pb/po

80
60

40

20

10

Figure 9. - Effect of booster diameter on upper-stage

i ﬁ\%\@

(a) Jet-off staging.

Interstage- Booster

port-area  diameter
ratio, ratio
Ap/Ae
4 2.94 2 7
O 2.02 1.5
AN 1.35 1

\(} R— =
2 3 4
Separation distance, x/d

X
N &ﬁ\\

(b) Jet-on staging. Chamber pressure, 600 pounds
per square inch absolute.

base pressure (12-port interstage).
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Nozzle static-pressure ratio, pn/Pc

W\Y \ED

T

Separation Booster Misaline- Angle of

distance, diameter ment, attack,
— x/a ratio diam deg |
O 0.39 1 - 0
I O .29 1 -—— 0
A .2 1.5 0.4 5
O .19 1 — 0
Tailed symbols denote opposite side of
nozzle
.07
g
g

.06 /’

.05 4

N\
RN [ | ¥

AN

W

\O\JNO\

5] 10 15 20
Nozzle-area ratio, A/A¥

Figure 1l. - Nozzle-pressure distributions.
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Interstage Booster
configuration diameter —]
ratio
O 4 port 1.5 -
. A O Nonported 1.5
N A Open (blunt-cone 1.5
~ target) —]
N| N Open (flat target) 1,1.5,2
~
S —_ ]
1}\\\ Nozzle-exit plane
A Il I‘ ; I’ ~ ‘| i
Minimum staging
LA L L 4 distance tested
L 1
1 2 3 4 5

Interstage-port-area ratio, Ap/Ae

(a) Variation of interstage-port area.

Interstage- Nozzle
port-area
ratio, -
Ap/Ae
O 3.9 Bell i
a 3.1 Bell
0 2.02 Bell
Y 2.02 Alternate (truncated

isentropic)

| | i |
| | ! i

Stage separation distance at which nozzle separation occurred, x/d

Alternate nozzle-exit plane—

X YA | | |
\E;:?\\\ Nozzle-exit plane
~ YA . G A l l
AN \\\\\\\\\{ ’Minimum staging
R \\\\ LA LLL 3istance tested
4 8 12 16 20

Number of interstage ports
(b) Variation of number of interstage ports; l.5-diameter-ratio booster.,

Figure 12. - Effect of interstage configuration on nozzle separation.
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io, pt/PC

Target pressure ra

T T T T T
Port plane Web planegw !
.07 o -
.06
.05
.04
.03 ;;
.02 7%/ S~ F— /
/
& /
.01 O
(a) Separation distance, (v) Separation distance,
x/d = C,025. x/d = 0.8.
.06
Nozzle chamber
.05 - pressure,
Pc’
1b/sq in. abs
(e} 600
.04 — ] 300
. < 150
.03 /I \\ I
.02 / n\\ ;g
.01 /;{ \g/ /13
y. /8‘ 6 T~
[+4 o//U =
6]
2 1 0 1 2 2 1 0 1 2
Target-surface-location, r/rg
(c) Separation distance, (d) Separation distance,
x/d = 1.6, x/d = 3.2
Figure 13. - Pressure profiles on blunt-cone target within interstage

configuration. 1l.5-Diameter-ratio booster; number of interstage
ports, 4; interstage-port-area ratio, 2.02.
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.04 \\ \\ \h
N N \ R |

Interstage
Interstage- _ | . N
port-ares configuration —
ratio, O 12 port
.16 Ap/Ae ] (\' O 8 port ]
o s.01 o 4 port
a 5-9 — A Open (blunt- ~—
D =1 cone target)
14 (o] 2.02 ]
’l‘U ‘
\.p .12 \
=
)
-
e
H .10 \
(]
2
0
0
(]
Sh‘ \
i .08 K’ \\
2
Q
)
[»
a
p \
£ 08
& N

N KT

.02 AN paAT N N
NN B >
0 1 2 3 4 0 1 2 3
Separation distance, x/d
(a) Variation of interstage-port area. (b) Variation of number of interstage
Number of interstage ports, 4. ports. Interstage-port-area ratio,
: 2.02.

Figure 15. - Effect of interstage configuration on peak target pressures. 1.5-
Diameter-ratio booster; chamber pressure, 600 pounds per square inch absolute.
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Booster drag paremeter, Dp/P.A™
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port-area configuration ]
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Separation distance, x/d
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Figure 16. - Booster drag

ter.
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Booster drag parameter, DB/PCA*
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Interstage- Interstage Target —
port-area configuration
58 Q ratio, |
’ ? Ap/he
(o] 1.35 12 port Blunt cone —
\ O ——— Open Flat
2.4 Open, half solid, and solid symbols de-
note chamber pressures of 600, 300,
and 150 lb/sq in, abs, respectively |
2.0 /
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-8
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(b) 1-Diameter-ratio booster.

Figure 16. - Continued. Booster drag.

LY

‘%FIED

[y

3.5




Booster drag parameter, DB/PCA*

2.8

T T

Open, half solid, and solid symbols de-

150 lb/sq in. abs, respectively

Interstage- Interstage Target
port-area configuration
ratio,
Ap/Ae .
0 2.94 12 port Blunt cone
A ——— Open Blunt cone T
o —— Open Flat

note chamber pressures of 600, 300, and |

.5

1.0 1.5 2.0 2.5 3.0
Separation distence, x/d

(¢) 2-Diameter-ratio booster.

Figure 16, - Concluded. Booster drag.

3.5

35



C-61006

(a) Blunt- cone target. (b) Flat target.
Separation distance, Separation distance,
x/d = 0.09. x/d = 0.29.

Figure 17. - Schlieren photographs of Jjet impingement on 1.5
diameter-ratio booster, open-interstage configurations.
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Separation distance, x/d: 0 0.13 0.25

0.44 0.65 0.84

1.70

C-61007

2.04 2.41 3.18

Figure 19. - Separation of l.5-diameter-ratio booster. Chamber pressure,
600 pounds per square inch absolute.
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